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Abstract
Fluidized bed reactors are catalytic multiphase reactors capable of processing large volumes with rela-
tively high mass and heat transfer, which is appealing to a variety of industries. The presence of voids,
in this case gas bubbles, within these systems can be detrimental to the efficiency and are desired to
be minimized. Further fundamental understanding of the bubbles is necessary to model, design, and
control them. However, the study of bubbles is difficult, as these beds are typically opaque and 3D.
Current studies of bubbles within fluidized beds are often limited to use of quasi-2D set ups, specialized
particles, or internal measuring devices.

This research utilizes a newly constructed experimental setup consisting of three x-ray source and
flat panel detector pairs that produce 2D projections. This setup allows for investigation into the bubble
dynamics inside a 3D cylindrical column with industrial particles. The possibilities and limitations of the
use of 2D projections to obtain fully 3D time-resolved reconstructions were explored through simple 3D
reconstructions of injections of single bubbles. These 3D reconstructions showed the potential of the
setup for 3D time-resolved studies of the bubble dynamics and laid the groundwork for future studies.

Apart from the ability to obtain 3D reconstructions, the 2D projections can be used to study the dy-
namics of the bubbles. In this research, 2D projections of an injection of a single bubble were used to
develop a deeper fundamental understanding of the shape, motion, and dynamics of an individual bub-
ble traversing through a bed. The bubble shape and size were obtained through a horizontal slicing
technique, which assumes axis-symmetry around the vertical axis. Different background fluidization
levels, injection volumes, injection velocities, particles, and column diameters were investigated. An
analysis of the individual bubble trajectories and the statistical averages provided insight into the in-
terconnection of these factors. The two previously studied bubble stages, formation and rising, were
observed. The rising stage was observed to have two regions, stable and unstable. The stable region,
following the formation stage, occurs when the motion of the bubble is essentially rectilinear. The un-
stable region, following the stable region, occurs when the bubble moves sideways while traversing the
column in an irregular motion. A simple analogy to gas bubbles in a liquid was drawn, suggesting the
bubble cloud, or particles surrounding the bubble, plays a vital role, especially in the formation of the
bubble. Standard correlations for the bubble rise velocity based on a constant bubble Froude number
were found to be insufficient at accurately describing the bubble velocity and dynamics. The Froude
number for individual bubbles appears to be non constant and dependent on parameters that have not
been previously considered, like the level of background fluidization.
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Introduction

1.1. Motivation and Background
Industrial use of fluidized bed reactors is relatively young, with the first commercial applications starting
in the mid-20th century. The use of fluidized bed reactors only continues to increase within a variety
of industries, necessitating further fundamental understanding of the internal mechanisms to optimize
these complex systems.

A fluidized bed reactor is a multiphase catalytic reactor. A fluid, gas and/or liquid, passes through
a solid catalyst and fluidizes the particles. Voids, or bubbles, tend to form within these reactors due to
excesses of fluid. Bubbles are desired to be minimized within fluidized bed reactors, as the formation of
bubbles on the distribution plate greatly affects the overall mass and heat transfer [1]. The fluid trapped
within the bubbles is hindered from reacting.

Fluidized bed reactors are preferred in certain industries because of the possibility of continuous
operation, high mass transfer, temperature uniformity, and the suitability for large scale operations [2,
3]. Fluidized bed reactors are used in oil cracking and refinement, gasification and combustion of coal,
combustion of solid waste, nuclear fuel preparation, Fischer-Tropsch synthesis, and a wide variety of
other processes [2, 4].

Industrial settings utilize 3D columns with catalytic particles. Research is typically restricted to
transparent particles, 2D setups, or setups with internal measuring apparatuses because of the opacity
of the beds. These setups may severely affect the bubbles shape and motion, leading to dynamics that
can vary from actual 3D column fluidized beds.

This research utilizes x-ray tomography to study the dynamics of a 3D column fluidized bed. The
focus of this thesis is to expand upon the fundamental understanding of individual bubbles within a 3D
column fluidized bed.

1.2. Current Techniques and Previous Works
Research on the internal dynamics of fluidized beds commonly utilizes experimentally compatible par-
ticles, quasi-2D setups, or 3D setups with internal measurement apparatuses to observe the column.

The catalytic material used in fluidized beds is typically opaque, obscuring the internal workings of
the column, so transparent particles are used. Transparent and catalytic particles often have different
properties, making comparison difficult, since the particle properties can affect important aspects of
the fluidized beds. The quasi-2D setups can affect the shape and dynamics of the bubble, leading
to different behavior than in actual 3D fluidized beds. The use of internal measurement apparatuses
in 3D fluidized beds allows for the study of typical industrial setups and particles. However, these
apparatuses can disrupt the bubbles and are unable to track the bubbles through the entirety of the
column [5].

Some examples of techniques that have been used to study fluidized beds include:

• High speed cameras [6–8]
• Capacitance probes [9, 10]
• X-ray 2D imaging [5, 11–13]
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1.3. Research Goals and This Work 2

• MRI [14]

Recent developments in MRI techniques allow for 3D time-resolved studies of the gas bubble and
for the tracking of the particle motion and velocity in the emulsion phase. However, the MRI technique
is restricted on the size and type of particles, as well as the size of the column, which is limited based
on the size of the MRI machine.

The majority of research on bubbles in fluidized beds has been focused on statistical averages,
using “local measurements” of bubbles occurring inside a bubbling bed. Few studies on individual
bubbles injected in a bed exist, for example, studies by Brauer [15]. However, studies tracking single
bubbles traversing through a ”tall” 3D columns of different sizes with industrial particles do not appear
to have been conducted.

1.3. Research Goals and This Work
This work utilizes a recently developed setup by the Transport Phenomena Section. This setup allows
for fully 3D time-resolved studies in fluidized beds using x-ray tomography [16]. Figure 1.1 shows
a simplified diagram of the setup, consisting of three x-ray sources and flat panel detector pairs. The
resulting 2D projections can be combined to obtain fully 3D time-resolved reconstructions of the different
phases.

Figure 1.1: Fluidized bed setup utilized in this research

The 3D reconstruction based on the three 2D projections offers interesting possibilities, despite
some limitations. The major limitations include limited angular resolution, which results in artifacts, and
the difficulty in tracking particle motion and velocity in the emulsion phase [16]. The major benefits are
the temporal resolution of the entire 3D shape-distribution field, the ability to utilize ”industrial” particles,
and the ability to use a wide variety of 3D columns.

The overarching goals of this work are:

• To perform a preliminary exploration of the possibilities and limitations for a fully 3D time-resolved
reconstruction from the 2D projections of three x-ray source-detector pairs for the study of the
bubble dynamics, setting the stage for further work

• To investigate the bubble dynamics by tracking individually injected bubbles as they traverse a
column from the injection site using 2D projections

The questions that guided this research are:

• What insight can tracking a single, injected 3D bubble provide?
• How can 2D projections be used to obtain an understanding of the 3D dynamics of a bubble?
• How can a single bubble be visualized using the 3D reconstruction based on the three 2D pro-
jections?
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• How does different background fluidization levels affect individual bubbles in a single bubble
injection?

• How does different injection volumes and velocities affect individually bubbles in a single bub-
ble injection?

• How does different particles affect individual bubbles in a single bubble injection?
• How does different column diameters affect individual bubbles in a single bubble injection?

1.4. Outline
The structure of this thesis is as follows:

• Chapter 2: The background information related to fluidized beds, bubbles, models, and tech-
niques

• Chapter 3: The experimental setup and image processing
• Chapter 4: The accuracy of these results, results, and comparison to literature and correlations
• Chapter 5: The possible conclusions drawn from the body of work and recommendations for
future studies.



0
Background Information

2.1. Fluidized Beds
A fluidized bed occurs when a bed of solid particles is suspended in a fluid above a minimum superficial
velocity ( ) and exhibits fluidized behavior. The particles will become suspended in the fluid, and
the bulk mixture of fluid and particles will exhibit features similar to a fluid. This research will focus on
gas-solid fluidized beds.

The types of fluidization can be categorized as homogeneous or heterogeneous fluidization. Ho-
mogeneous fluidization occurs when the solid particles are evenly distributed such that there are few
observable bubbles. Heterogeneous fluidization occurs when the solid particles have a non uniform
distribution, allowing for the formation of bubbles. Heterogeneous fluidization will be the focus of this
study.

The motion of a fluid through a fluidized bed has been described through a variety of models. This
study will focus on the two- and three-region models. Simplified diagrams of the two- and three-region
models can be seen in Figure 2.1.

The two-region model describes a fluidized bed as an emulsion and bubble phase. The emulsion
phase consists of the particles and fluidizing liquid, while the bubble phase consists of voids. This
theory suggests that below , the input of fluid into the system will dissipate into the emulsion phase
until is reached. After is reached, the formation of bubbles is possible [17].

The three-region model describes a bubbling fluidizing bed as an emulsion phase, a bubble phase,
and a cloud surrounding the bubble [18]. The emulsion and bubble phases are the same as the two-
region model. The major difference is the formation of a bubble cloud due to gas exiting the bubble
and recirculating through the wake of the bubble. The bubble cloud is further discussed in section 2.2.

(a) Two-region model (b) Three-region model

Figure 2.1: Simplified diagram of two- and three-region models, based on Lee and Miller [19]
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The can be determined empirically or theoretically. This study focuses on the empirical deter-
mination of the . The is affected by pressure, temperature, interparticle effects, vibrations, and
different mixtures of fluids [3]. The affects the bubble shape, rise velocity, hold-up, and various
other attributes, making the a vital aspect to understanding the hydrodynamic properties [20].

The bed is considered fixed when the superficial gas velocity (U) is less than . The relationship
between the pressure drop within the bed (Ύ ) and U can be seen in Figure 2.2. The fluidizing behavior
is dependent on whether the U increases or decreases. Increasing U results in a peak in the pressure
(Ύ , ) caused by particle-particle interactions. Decreasing U does not result in a pressure peak, as
these physical interactions are not present when U decreases. The exact point of is not precisely
defined; however, Figure 2.2 defines at Ύ . This research defines when the bed is fluidized
without bubbles present, which was typically at a U slightly below the Ύ , curve. This definition
may be unsuitable for certain Geldart particle types.

Figure 2.2: Pressure drop changes as gas velocity in/decreases [2]

This research aims to look at the bubble formation at 3 distinct U: below, at, and above . This
study experimentally determines the of particles of two different sizes in columns of different di-
ameters. Similar ratios of U/ was used across the different particles.

2.1.1. Fluidization Regimes
The fluidized bed undergoes different regimes based on the U and particles. The particle types are
described in section 2.1.2. The different regimes affect aspects of the reactor in a variety of ways, such
as the heat and mass transfer. Visualizations of the different fluidization regimes can be seen in Figure
2.3. The regimes related to this research are: the fixed bed, the delayed bubbling, the bubbling, and
the slugging regime.

The fixed bed regime occurs when U is less than the and is analogous to a packed or fixed bed.
The delayed bubbling regime occurs when the bed is fluidized above the and under the minimum
bubbling velocity ( ), resulting in a fluidized bed without bubbles. The delayed bubbling regime is
only possible under certain conditions and certain particle types.

The bubbling regime occurs when is surpassed. Bubbles form consistently along the distribu-
tion plate. The is dependent on the attributes of the particles and fluid. Bubble coalescence and
breakup becomemore prevalent. Coalescence is expected to be enhanced at increasing gas velocities
during this regime, resulting in fewer and larger bubbles, relative to other regimes [2].

The slugging regime forms with increasing gas velocity. The bubbles in the bubbling regime will
grow until the bubbles are similar in diameter to the column and experience significant wall effects.
When the diameter of the bubble is over 60% of the diameter of the tube, the bubble is considered
a slug [21]. At the initial formation of slugs, slugs are inconsistent but eventually stabilize and exhibit
periodic behavior. The shape and behavior of slugs are dependent on the particle type.
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Figure 2.3: Fluidization regimes based on increasing U [3]

2.1.2. Geldart Classification of Particles
Within a gas-solid fluidized bed, the properties of the solid particles have a significant effect on the prop-
erties. Geldart delineated into four categories: Aerated (A), Bubbling (B), Cohesive (C), and Spoutable
(D). Figure 2.4 represents the separation of the groups by mean particle size. The particles utilized in
this experiment were Geldart A/B and B.

Figure 2.4: Geldart classification of fluidized particles at ambient conditions [22]

Group A is comprised of particles with diameters ranging from 30 to 100 m. The hydrodynamic
and interparticle forces are significant in the behavior of the particles [22]. These particles generally
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fluidize well and allow for fluidization without reaching the bubbling regime. Bubbles tend to coalesce
and breakup readily, leading to a maximum bubble size less than 10 cm [21].

Group B is comprised of particles between 100 to 1000 m. The is equal to , resulting
in bubble formation along the distribution plate as the particles begin to fluidize [22]. The interparticle
forces are insignificant compared to the hydrodynamic forces. As the bubble moves up the column,
the size of the bubble will grow approximately linear [21].

There are key differences between these bubbles, especially regarding the effects of bubble interac-
tions. The splitting of bubbles is an important factor for Geldart A particles but is considered negligible
for Geldart B particles [23]. Zhu et al. found in bubbling beds, bubbles in Geldart B beds can grow
larger compared to bubbles in Geldart A/B beds [24].

2.1.3. Emulsion Phase Motion
Studies of the emulsion phase motion are limited, and the motion of the emulsion is expected to be
complex.

Werther et al. found that for shallow beds, defined as the bed height ( ) being less than 2 times
the bed diameter ( ), exhibited behavior displayed in 2.5.A, which is also believed to be the general
motion of the emulsion phase [25].

Based on the general emulsion motion, Kunii et al. proposed that within a ”deep” ( / > 1)
fluidized bed comprised of Geldart B particles, the emulsion motion will act as in Figure 2.5.B, where
secondary vortex rings form [21].

This study focuses on ”deep” beds and does not observe behavior close to the surface of the bed.
Additionally, the injection nozzle was approximately centered within the column and 20 cm, about 1/3 of
the total bed height, above the distribution plate. The emulsion phase motion is expected to affect the
bubble motion and may be a possible explanation for some of the observations within the experiments.
However, the exact motion of the emulsion phase was not observable with these experiments.

(a) General emulsion motion

(b) Proposed emulsion motion in a
”deep” bed for Geldart B type

particles

Figure 2.5: Diagrams of emulsion movement [21]

2.1.4. Dimensionless Description of the Column
The current uses of dimensionless variables to describe gas-solid fluidized bed reactors are typically
for scaling factors in scale-up and optimizing CFD-DEM models.

A dimensionless variable investigated in prior works is the Froude number. The Froude number
compares the inertial forces to external forces. The Froude number has been typically used to distin-
guish fluidization regimes or to describe certain attributes of the particles [21, 22, 26–28].

Salehi et al. described an excess velocity Froude number ( ) to increase the accuracy of
simulations regarding the mixing times of Geldart B particles at a variety of fluidization levels [29].
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Excess velocity-based Froude Number:

=
Ⱡ

(2.1)

where is the diameter of the column.
This Froude number is utilized to describe the overall column, rather than the effects on individual

bubbles. Other uses of the Froude number for fluidized bed focus on the relationship of to the
particle size. The suggests no bubbles are observed when is (10 ), some bubbles
are present when is (10 ), and bubble-like voids are present when is (10 ) [30].

2.2. Bubbles
Bubbles naturally form within the column due to excesses in gas. Bubbles are generally undesirable in
industrial scale, as the gas inside the bubble does not readily interact with the particles. As they rise in
the column, bubbles were observed to form an ellipsoid with a wake. The wake consists of high velocity
particles. The wake is a key aspect of vertical transport because particles will aggregate and be shed
from the wake as the bubble traverses the column [31]. The bubble and wake combined approximately
form a sphere.

Bubbles can be defined as ”fast” or ”slow” moving bubbles. A fast bubble occurs when the bubble
rise velocity ( ) is larger than U and a slow bubble when is less than U. The structure of fast and
slow bubbles in a gas-solid fluidized bed reactor can be seen in Figure 2.6.

Fast bubbles form a suspension layer around the bubble, referred to as the cloud. The cloud for-
mation is a key factor in the three-region model. The cloud forms as the gas is released from the fast
bubble and is recirculated into the bubble. The gas within the emulsion phase does not mix with the
cloud, instead moving aside as the bubble passes.

Regarding the slow bubble, the gas within the emulsion phase uses the slow bubble as a convenient
pass through to the surface, and the bubble sheds gas while traversing the column [21].

(a) Fast bubble (b) Slow bubble

Figure 2.6: Diagram of ”fast” and ”slow” bubbles [2]

2.2.1. Mechanisms of Bubble Splitting
The mechanism of splitting bubbles has been theorized into two main theories: wake collapse and roof
collapse theories.

The wake collapse theory describes the mechanism of particles being drawn up through the wake
and splitting the bubble. The circulation velocity of the particles must exceed the terminal free fall
velocity of the particles for wake collapse to occur [32, 33].

The roof collapse theory describes the mechanism of particles falling through the top of the bubble
to split the bubble [34]. This would occur due to a Rayleigh-Taylor type instability, where a less dense
fluid pushes against a denser fluid [35].

2.2.2. Observed Bubble Regimes
A study by van der Schaaf et al. described the behavior of a bubble in three stages: formation, rise,
and eruption [36]. These regimes have been observed in other works [7, 8, 14].
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For a single bubble injection, the formation stage is when the bubble is injected into the system. A
study by Mostafaei et al. observed the following behavior when injecting a single bubble. The injection
of gas into the bed formed a compression wave. The bed did not considerably expand initially as the
particles moved into empty spaces. However, as the injection continued, the bed expands, leading to a
decrease in gas velocity and an increase in particle velocity [8]. This study by Mostafaei et al. focused
on a single injection duration and velocity. However, changes in the injection variables may affect the
particle interactions during the formation, such as faster injection velocities would cause more force on
the particles compared to lower injection velocities for the same total injected volume.

The rising stage occurs after the bubble is released from the formation site and travels up the bed.
The bed height will remain lifted. Van der Schaaf et al. observed after the bubble passed the pressure
probe, the pressure of the bed returned to the pre-injection state [36]. The bed beneath a bubble is
likely to return to a similar pre-injection state as the bubble rises. The formation of the bubble may affect
the rising stage, as the density of the particles around the bubble during the formation stage could affect
the interaction of the bubble with the cloud and emulsion phase. The eruption stage occurs when the
bubble reaches the surface of the bed and exits, often causing the particles to aerosol. The bed settles
and returns to a pre-bubble formation stage.

This research focuses on the formation and rising stage, as the eruption stage was outside of the
frame.

2.2.3. Equivalent Diameter
There are a multitude of correlations to study the diameter of the bubble, summarized in Karimipour
et al. [37]. The correlations chosen for this study were Werther and Kato-Wen because of their ability
to calculate equivalent diameters at a U below . This research was able to specify the equivalent
diameter of the studied bubbles; however, these correlations are regarding naturally formed bubbles
within a bubbling bed.

Werther [38]:
= [1 + 0.272( Ⱡ )] / (1 + 0.0684 ) . (2.2)

where H is the height of the bubble in the column and is a defined variable based on Geldart particle
type, which is 0.610 for Geldart A and 0.853 for Geldart B.

Kato-Wen [39]:
= 0.14 ( / ) + , (2.3)

where is the density of the particle, is the diameter of the particle, and , is the initial equivalent
diameter of the bubble.

The of the bubbles captured by the projections was calculated via image processing. Riech-
mann found the utilization of x-ray attenuation to measure the bubble depth deviates significant from
utilization of the projections to measure the bubble volume [5]. Therefore, this study will focus on the
use of projections to calculate bubble diameter, the processing of which is described in section 3.2.1.

2.2.4. Bubble Rise Velocity
The bubble will approach the surface at a certain velocity, defined as the bubble rise velocity ( ).
The affects particulate circulation within the reactor, resulting in increased heat transfer between
the bed and the walls or heat exchangers. A commonly used correlation to measure the is the
Davidson and Harrison correlation [32]. This correlation is based on the Froude number and assumes
the Froude number is constant.

Davidson and Harrison:
= 0.711( ) . (2.4)

where g is the acceleration of gravity and is the equivalent diameter.
The discrete derived from the experimental results is obtained through,

= Ⱡ ⱥ (2.5)

where YM is the center of mass of the bubble along the y-axis, i is the frame number, and is the
frequency of the x-ray projections.

Within the individual analysis of bubbles, a B-spline is taken through the center of masses of the
bubbles. The velocity can be derived from the B-spline, providing another method of obtaining . In
this research, the average was taken of the B-spline derivatives to obtain the .
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2.2.5. Bubble Dynamics
This research aims to use the Froude number to describe the individual bubbles through the relationship
to the drag coefficient. The bubbles within a fluidized bed can be viewed analogous to bubbles in a
gas-liquid bubble column, further expanded upon in Appendix A.1. For a bubble column, when the
Reynolds number is large and bluff bodies form, the terminal velocity, the drag force, drag coefficient,
and thereby the Froude number are all constant.

The overall motion of a single bubble in a fluidized bed can be simplified into two categories: when
the bubble changes size and when the bubble is in motion. A near constant exchange of gas from the
bubble to the emulsion phase is expected.

When the bubble expands or contracts, the surroundings are also moved, requiring work to be done.
A diagram can be seen in Figure 2.7. The pressure difference between the bubble internally ( )
and the cloud interface ( ), a relatively small area, is large. The large pressure difference would
form a cloud with a significant force per unit length along the outside of the bubble ( ). Understanding
the cloud is vital to understand the dynamics of the overall bubble. Passage of gas through and into
the bed allows for the bubbles to interact with the system and other bubbles.

Figure 2.7: Simplified diagram of gas exchange between the bubble, cloud, and emulsion phase

This research is specifically focused on the dynamics of a single bubble. A single bubble that is
reasonably far from the walls of a fluidized bed will have the velocity and dynamics determined by
interactions between the gas and emulsion phase dynamics, which is directly related to the dynamics
along the interface and cloud.

Gas-solid fluidized beds experience a significant amount of gas flux between the bubble and emul-
sion phase. These interactions are not present within a gas-liquid bubble column, but an analogy
between the different columns can be drawn and is further expanded upon in Appendix A.1. Gas bub-
bles in liquid have an interdependence between shape, flow, and interfacial rheology; gas bubbles in
solids have an interdependence between shape, flow, and dynamics near the cloud. The gas-liquid
interfacial rheology is assumed to be exactly 2D and can be simple, comprised of the static surface ten-
sion for a pure liquid, or complex, involving surface viscosity, surfactants, ect. The gas-solid dynamics
near the cloud are not exactly 2D and comprises of interactions between the gas and the particles near
the interface. Despite these differences, analogies can be drawn between gas-solid and gas-liquid
columns.

A quasi-steady state assumption allows for a balance between the buoyancy force ( ) and drag
force ( ) to be drawn. The associated with these forces can be taken as the density of the emulsion
far from the interface. In general, the relationship of the Froude number to the drag coefficient ( ) is:

= 2
(2.6)

The equivalent Froude number ( ) can be taken as:

= 4
3

1
(2.7)
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where is the volume based area, is the perpendicular area of the bubble, and is the perpen-
dicular drag coefficient.

The Davidson and Harrison correlation takes the Froude number as a constant to obtain the bubble
rise velocity, so that Ⱬ . The assumption of the fixed bluff body shape of the bubble and a
interfacial force dominated flow are taken for this correlation, which are based on an analogy to the
constant spherical cap regime for gas-liquid bubbles. When applying this analogy, the shape of the
bubble is not affected by the dynamics near the cloud. However, if the dynamics near the cloud are
important, then the assumption of a constant Froude number may not hold. If there is an analogy
between the cloud dynamics of a gas-solid bubble and static surface tension of a gas-liquid bubble,
then the would be constant.

2.3. X-rays and X-ray Tomography
2.3.1. X-rays
X-rays are a type of electromagnetic radiation with high energy, approximately 0.145 to 120 keV, and
short wavelengths, approximately 0.01 to 10 nm. X-rays allow for insight into otherwise inaccessible
processes through a noninvasive technique. The intensity of the x-ray decreases as it passes through
materials; this phenomenon is called attenuation. Denser objects are able to more readily absorb
radiation, resulting in a relatively lighter image when compared to less dense objects.

When utilizing x-rays, beam hardening and scattering can affect the resulting projections. X-rays
release energy along a spectrum of low to high energies, which are not attenuated or absorbed equally.
The relatively lower energy x-rays are attenuated more easily, so the x-ray beams with high energy pho-
tons remain. resulting in x-ray beams that have increasing high energy photons. Figure 2.8 compares
the energy of the photons that pass through a medium to ones that do not pass through a medium.
This shift, or beam hardening, in the x-ray spectrum leads to a non constant attenuation coefficient ( ).
The projections may have streaks or cause more dense areas to artificially decrease in value.

Figure 2.8: Energy spectrum of incident x-ray beam (blue) and x-ray beam through aluminium block (red) [40]

Overall, projections affected by x-ray scattering may exhibit increased noise and increased artifacts
[41]. X-ray scattering is caused by either photoelectric effect or Compton scattering [42]. The pho-
toelectric effect occurs when an incident photon interacts with a bonded electron, transferring all of
the photon’s energy and ejecting the electron. A new electron takes the place of the ejected electron,
resulting in the release of a characteristic photon. Compton scattering occurs when an incident photon
interacts with a bonded electron and transfers some of the photon’s energy to the electron. The electron
and photon are scattered. The photoelectric effect affects the contrast of the image, while Compton
scatter can lead to an unclear background and artifacts.
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2.3.2. X-Ray Tomography
When taking x-rays with a single source and detector, a 2D image, called projectional radiograph, is
produced. Obtaining 3D images from x-rays is possible through computational tomography (CT) scans.
The CT scans are a noninvasive technique that can allow for observation into opaque subjects, like a
fluidized bed.

CT scanners take multiple images of a target at different angles, which are complied and recon-
structed into 3D. Similar to how a pixel can be related to the length in 2D images, voxels are related to
the cubic volume of a 3D projection. Increasing the voxels will allow for a more ”sharper” image but is
dependent on the system settings.

Typically, CT scanners utilize a rotating x-ray source as the target remains stationary. This is not
possible with a fluidized bed reactor, as themotion within the column would produce noise andmake the
resulting scans indecipherable. A possible alternative, executed in this research, is the use of multiple
static sources for targets that cannot remain stationary. The multiple static sources/detectors, 3 in the
case of this research, are aligned in different angles around the column that allow for 3D reconstruction.

Simultaneous Iterative Reconstruction Technique
The resulting images from the projections must be processed to generate a 3D reconstruction. There
are two major categories of image reconstruction: analytic and iterative reconstruction. The research
utilizes iterative reconstruction, specifically the Simultaneous Iterative Reconstruction Technique (SIRT).
SIRT is a quadratic optimization technique frequently utilized inmedical applications. The SIRT corrects
the density after all ray paths have been considered, rather than after each ray path [43].

The 3D reconstructions in this research utilized script developed by A.B.M. Graas with the Centrum
Wiskunde & Informatica (CWI) and further details on the 3D reconstruction scrip is available in Graas
et al. [16].
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